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ABSTRACT 
EVALUATION OF PAPER MILL SLUDGE AS A SOIL AMENDMENT AND AS A 
COMPONENT OF TOPSOIL MIXTURES 
SEPTEMBER 2001 
TARA A. O’BRIEN, B.A., UNIVERSITY OF NEW HAMPSHIRE 
M.A., UNIVERSITY OF MASSACHUSETTS AMHERST 
PhD., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Allen V. Barker 
To evaluate paper sludge as a soil amendment, different amounts of sludge were 
applied once to corn field plots. The soil was Hadley fine sandy loam (Typic Udifluvent, 
coarse-silty, mixed, nonacid mesic) with an average pH of 6.8. Sludge additions 
suppressed corn germination and early growth, but corn recovered so that final yields 
were not suppressed. 
Sludge effects on corn growth were investigated in greenhouse experiments. 
Mixtures were made from different amounts of sludge and soil with or without N. Seeds 
were sown immediately or at 21 days after mixing. Addition of sludge increased media 
organic matter and P contents. At 21 days, C:N ratio, pH, and salinity of media declined 
relative to initial values whereas total N concentration was higher. Germination was 
hindered for seeds sown immediately after mixing, but delaying seeding for 21 days 
eliminated this problem. Biomass declined as amounts of sludge increased. More than 
200 kg N/ha were needed to overcome N immobilization. 
VI 
In another greenhouse experiment, soil (Hadley fine sandy loam) was collected at 
the University of Massachusetts Research Farm (on-site), and another soil of the same 
type was from a site not on the Farm (off-site). Different sludge levels were mixed with 
or without N in on-site soil, off-site soil, or off-site soil with P. Increasing amounts of 
sludge in the on-site soil hindered seedling emergence. Biomass declined as sludge 
increased, and the least biomass was produced in on-site soil. Sludge additions 
decreased the average leaf total N. 
Paper sludge as a topsoil component for the production of wildflower sods on 
plastic was investigated. Sludge was mixed with sand, cranberry presscake, rockdust or 
compost. Establishment and growth of wildflowers were suppressed in mixtures of 
sludge and sand. The best sods with respect to stand establishment and biomass 
production were with mixtures of sludge, sand, and compost or with the mixture of 
sludge, sand, compost, and cranberry presscake. Additions of compost generally 
improved the capacity of media to support sod production. 
Paper sludge is a suitable soil amendment, but conditions for maximizing the 
effective use of sludge must be met according to use and soils characteristics. 
VII 
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CHAPTER I 
LITERATURE REVIEW 
Introduction 
By 2025, the world population is estimated to be 8.5 billion (Muchovej and 
Pacosky, 1997). Food production will have to increase by 60 to 70 % to feed this 
increased number of people. More land will be necessary for farming and livestock or 
yields will have to increase on the existing farms. Unless farming becomes more 
sustainable, this increased pressure on the soil will lead to nutrient depletion and mining 
of nutrients for plant growth. Soils will become more compact; organic matter will 
decrease due to removal of crop residues; and insects, diseases, and other pests will 
increase (Abramovitz, 1998). 
Not only does increased population raise the demand for food, but it also results 
in increased waste production. Because of increased population and advancements in 
sewage systems, in the year 2000 in the United States, approximately 193 million tons of 
solid waste and 12 million dry Mg of biosolids was generated (Hue, 1995). Increased 
dairy, poultry, and swine production generates manure as well as other production 
wastes (Mikkelsen, 1997; Sims, 1997; Van Horn and Hall, 1997; Randall, et al., 2000). 
Many of the by-products and wastes are rich in nutrients or organic matter, and if 
rightly managed, can be valuable resources when properly applied to agricultural land as 
a method of utilization and a feasible alternative to disposal. 
The volume of industrial sludge requiring disposal has increased since the 
passage of the Federal Water Pollution Control Act Amendment of 1972 or also known 
as the Clean Water Act. These more stringent regulations require upgrades of existing 
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waste water treatment plants to clean the discharge at the expense of producing a greater 
volume of sludge. This sludge in turn requires cost-efficient and environmentally safe 
methods of disposal. Landfilling of wastes is no longer an environmentally or 
economically feasible disposal method. 
When not lined, landfills contaminate surface and groundwater due to leaching 
and runoff. Many landfills across the country have been closed to eliminate point-source 
pollution problems due to stockpiling wastes. In the past, large volumes of municipal 
and industrial wastes have been disposed of into landfills decreasing available landfill 
capacity and have made tipping fees uneconomical. 
Currently, lined landfills are being constructed to capture leachate; however, the 
installation costs of lining landfills are enormous (Bellamy et al., 1995; Department of 
Environmental Protection, 1994a). Alternatives for disposal of industrial sludges and 
organic wastes are sought, and one desirable alternative is application to land in 
agriculture to utilize the beneficial components of by-products (Thiel, 1985; Edwards, 
1996). Application of by-products in agriculture may ease the waste disposal problem as 
well as potentially serve as a soil amendment to replenish nutrients and organic matter to 
soil being depleted by increased populations. People should attempt to mimic nature so 
that waste or by-product from one industry becomes raw material for another (Galloway 
and Walker, 1997; Brown and Mitchell, 1998). 
Paper Sludge 
Approximately 5,200,000 dry Mg of pulp and paper mill sludge are generated per 
year in the United States (Carpenter and Fernandez, 2000). The high organic matter 
property of paper mill sludge represents a valuable resource as a soil amendment 
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(Bellamy et al., 1995; Bowen, et al., 1996; Edwards, 1997; Carpenter and Fernandez, 
2000). Currently, 67% of mill sludge is being landfilled or incinerated, either of which 
does not utilize the potentially valuable properties of the paper mill by-products 
(Carpenter and Fernandez, 2000). 
More paper mills are using post-consumer fiber or recycled paper in the 
manufacture of paper. Governmental regulations have required that at least 10% of 
manufactured paper must be recycled (OSD, 1997). In the United States, 45 % of the 
paper and paperboard are now recycled, representing an increase of 16 % since 1987 
when the statistics began to be recorded (Abramovitz, 1998). Production of paper from 
recycled materials increases the amount of sludge produced at paper mills (Coburn and 
Dolan, 1995). Because of recycling, more unusable, short, odd-shaped fibers (cellulose) 
are generated from post-consumer fibers than from virgin pulp (Jackson and Line, 1997). 
Manufacturing of paper generates sludge that can be utilized as soil amendments 
in agriculture processes such as potato production (Dolar et al., 1972; Thiel, 1985; 
Bowen, et al., 1996), corn production (Thiel, 1985), forestry (Bockheim et al., 1988; 
Jackson et al., 2000), and land reclamation (Feagley et al., 1994; Pichtel et al., 1994), 
nursery culture (Bellamy et al., 1995). Paper sludge applied to land has increased soil 
organic matter (Havlin, et al., 1990; Press, et al., 1996), reduced bulk density (Tester, 
1990), and enhanced soil enzyme activity (Giusquiani, et al., 1995). Paper sludge has 
been used beneficially as absorbent materials for industrial cleanups, hydromulch, 
construction products (wall board, door panels, bricks, and shingles), animal bedding, 
and fuels (Coburn and Dolan, 1995). 
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Nitrogen content often limits the effectiveness of paper sludge as a soil 
amendment (Sabey et al., 1977; Chanyasak, et al., 1983; Camberato et al., 1997; 
Edwards, 1997). The high carbon content (high C:N ratio) of the paper sludge increases 
microbial activity, immobilizes soil nitrogen, and renders it unavailable for plant growth. 
Time also allows microorganisms to incorporate carbon into soil organic matter (Thiel, 
1985; Camberato, et al., 1997). As sludge decomposes, carbon is lost to the atmosphere 
as carbon dioxide, which gradually decreases the C:N ratio and increases the availability 
of nitrogen for plant growth. Another strategy to reduce immobilization of nitrogen is to 
add supplemental nitrogen (Dolar et al., 1972). Planting legumes which do not require 
nitrogen fertilization and which add nitrogen to the soil may be an effective strategy in 
utilizing paper sludge as a soil amendment (Feagley et al., 1994). 
At paper mills, primary sludge produces sludge that is high in wood fiber, clay, 
and lime. Primary treatment sludge settles out readily coagulable solids, and the 
resultant sludge is 3 to 7 % solids. Primary sludge does not incorporate a biological 
treatment (Hue, 1995). Secondary sludge contains 0.5 to 2.0 % solids after biological 
treatment (Hue, 1995). In general, primary sludge has a higher C:N ratio whereas the 
secondary sludge has higher P and N concentration and lower C:N ratio than the primary 
sludge (Dolar et al., 1972; Camberato et al., 1997). Some nutrients such as P, K, Ca, 
and Mg increase with additions of paper sludge to the soil (Brockway, 1983; Edwards, 
1997). Aluminum is inherent in the manufacturing of paper and may be a problem 
element with using paper mill sludge as a soil amendment (Edwards, 1997). 
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Biosolids 
Wastewater treatment of municipal waste produces effluent (water) and biosolids 
(solids/sludges/slurries). Generally effluent is chemically treated with chlorine and 
discharged into a nearby water body. Biosolids are treated aerobically, anaerobically, or 
limed, and approximately 12 million dry Mg of biosolids are generated per year 
Biosolids were considered a waste and were customarily buried in landfills or dumped in 
oceans. Biosolids are now treated as a by-product and are applied to forests or 
agricultural land (Watson et al., 1985; Aschmann et al., 1990; Burton et al., 1990; Hart 
and Nguyen, 1994; Medalie et al., 1994). Biosolids contain organic matter and plant 
nutrients particularly N and P (Kelling et al., 1977; Seaker and Sopper, 1988). 
Typically, biosolids contain 3.2 % nitrogen, 1.4 % phosphorus, 0.2 % potassium, 2.7 % 
calcium, and 0.4 % magnesium on a dry mass basis (Hue, 1995). These levels are similar 
to animal manures (Hue, 1995). Initial losses of nitrogen from biosolids as ammonium 
from land-application can be significant (Donovan and Logan, 1983). Enhancements in 
soil organic matter and cation exchange capacity have been shown with additions of 
biosolids (Agbim et al., 1977; Sabey et al., 1977). Addition of biosolids can raise soil pH 
(Bingham et al., 1979; Giordano et al., 1979; Norwal et al., 1983; Logan and Harrison, 
1995). 
The volume of sludge produced from wastewater treatment plants has increased 
since the passage of the Federal Water Pollution Control Act Amendment of 1972 
(Clean Water Act). Upgrades of existing wastewater treatment plants to further clean 
the discharged effluent occur at the expense of producing a greater volume of biosolids. 
The variability in nutrient and contaminants and the increased volume of biosolids have 
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heightened interest in finding beneficial uses and have led to governmental regulations 
concerning the biosolid application to land (Department of Environmental Protection, 
1994c). These regulations set standards for application of biosolids and characteristics 
for determination of the quality of the biosolids. The quality of biosolids is determined 
by the nutrient, metal, toxic organics, and pathogen contents (Baxter et al., 1983; Angle 
and Baudler, 1984). Application rates are dictated by the quality of the biosolids and 
environmental factors such as soil type, pH, temperature, moisture, among others (Soon 
et al., 1978; Giordano et al., 1979; Terry et al., 1979). Customarily, application rates are 
determined by N requirement of crops and can result in rates that far exceed the crop 
requirements for P (Chang et al., 1983; Kiemnec et al., 1987). Residual effects and 
mineralization rates also play a role in determining application rates (Stark and Clapp, 
1980; Behel et al., 1983; Chang et al., 1984; Feltz and Logan, 1985; Chae and 
Tabatabap, 1986; Heckman et al., 1987; Levine et al., 1989). These quality standards 
and risk assessments have been researched extensively for biosolid application and can be 
inferred to other waste products. 
Although biosolids contain valuable resources, unwise early use and poor 
management of biosolids contaminated with Cd and other metals have created a public 
perception that all biosolids remain contaminated. Research has defined and recognized 
most of the problems and has offered management solutions. Metal accumulation and 
application of plant nutrients in excess of crop needs are issues for which research has 
developed solutions. Increased awareness has reduced imputs of heavy metals into 
wastewater and has significantly lowered the metal content in biosolids. Research has 
shown that metals in biosolids applied to land may move very little in the soil. As a 
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result, caution should be taken to avoid accumulation with repeated biosolid applications 
(Sommers et ah, 1979; Riffaldi et ah, 1983; Heckman et ah, 1987; Dowdy et ah, 1991; 
Yingming and Corey, 1993; McBride, 1995; Richards et ah, 1998). Some metals, for 
example lead, migrate in soils. Lead has been shown to move in soils and can cause 
neurotoxicity problems in fish (Hue, 1995). Some metals in biosolids (Cd, Ni, Pb, Zn) 
have been shown to accumulate in plant tissues, including edible plants such as lettuce, 
tomato, potato, sweet corn, oats, radishes, and swiss chard (Mahler et ah, 1978; Schauer 
et ah, 1980, Chang et ah, 1982; Mahler et ah, 1982; Keefer et ah, 1986; Hue et ah, 1988; 
Kim et ah, 1988; Hue, 1995; McGrath et ah, 2000). The ability of plants to accumulate 
metals varies among different plant species (Watson et ah, 1985; Gerard et ah, 2000). 
Often, plant accumulation of metals goes undetected, and no suppressions in yields are 
recorded. Yet, corn treated with sludges high in Cd and Ni showed intervenal chlorosis 
and purpling of stems early in the growth stage (Juste and Mench, 1992). Corn yields 
also decreased by 50% compared to the corn not treated with the sludge. Other studies 
have shown metals accumulation in specific tissues within the plant. Corn accumulated 
Zn and Ni in grain and Zn and Cd in stover with increased sludge application (Kelling et 
ah, 1977; Soon et ah, 1980). Snap bean accumulated Zn and Cu in edible tissues with 
increased sludge applications (Dowdy et ah, 1978), In Japan, high Cd concentrations 
were found in rice irrigated with water polluted with Cd. The long-term consumption of 
high levels of Cd caused the Itai-itai disease. This disease can cause bone fractures due 
to Cd-induced osteomalacia. Renal disfunctions (kidney disease) are the early stages of 
too much Cd in diets (Hue, 1995). In the European Union, biosolids contributed only 3 
% of the Cd loading to agricultural lands. Fifty percent of the Cd on agricultural land 
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came from phosphate fertilizers, 18 % from livestock waste, and 14 % from atmospheric 
deposition (Smith, 1996). 
An enormous amount of research has been done on beneficial uses of by¬ 
products which has provided information necessary for the regulations that are in place 
today. Currently, application rates of biosolids are based on plant nutrient requirements 
for nitrogen. Nitrate-nitrogen may leach into drinking water, and consumption of more 
than 10 ppm nitrate may cause methemoglobinemia (blue babies) in infants less than 3 
months old (King et al., 1977; Baxter et ah, 1983; Logan and Chaney, 1983; Bray et ah, 
1985). 
Many believe that phosphorus also should be a concern and should not be applied 
in excess to plant requirements. Studies have shown that too much nitrogen and 
phosphorus can cause eutrophication of surface water due to runoff or erosion (Burge 
and Marsh, 1978; Wallis et ah, 1984; Harris-Pierce et ah, 1995; Higgs et ah, 2000, 
Robbins et ah, 2000). 
With proper management, many benefits exist when applying biosolids to 
agricultural land. Biosolids can improve plant nutrients, organic matter, soil cation 
exchange capacity, soil pH, and soil physical properties if properly applied to agricultural 
land (Kelling et ah, 1977; Epstein et ah, 1978; Terry et ah, 1979; Magdoff and Amadon, 
1980; McCoy et ah, 1986; Knudtsen and O’Connor, 1987). Research has shown 
repeatedly that land application of biosolids can serve as an economical and 
environmentally safe method of disposal. 
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Mixtures 
Many by-products by themselves do not provide the balance of nutrients 
necessary for plant growth; however, mixtures of by-products may produce a low-cost 
fertilizer or soil amendment (Agbim et al., 1977; Sabey et al., 1977; Epstein et al 1978) 
Many by-products, such as paper sludge, may have a high C:N ratio and may immobilize 
N and make it unavailable for plant growth (Sabey et al., 1977; Edwards, 1997) If 
supplemental N is necessary (waste with high C:N ratio), an attractive alternative to 
commercial fertilizer would be to consider other by-products high in N in developing the 
media (King, 1984). Many by-products have available N and could be used to 
ameliorate N immobilization. By-products, such as poultry litter, dairy wastes, 
composts, and sewage sludge in proper combinations are valuable resources in supplying 
N to plants, diminishing nitrate leaching, and improving soil physical and chemical 
properties (Sabey and Hart, 1975; Sabey et al., 1977, Edwards, 1997). Additions of 
some sludges with low C:N ratios have increased yields (Thiel, 1985; Bowen et al., 
1996). Mixing specific by-products may be feasible and very useful as agricultural soil 
amendments. 
Composting mixtures of by-products may improve characteristics of the final 
product. Immature composts may pose problems with ammonium toxicity; however, 
allowing time to pass before usage will eliminate ammonium toxicity problems (O’Brien 
and Barker, 1995a; O’Brien and Barker, 1995b; O’Brien and Barker, 1997). 
Combinations or blends of by-products are dictated most often on the availability of the 
by-products and the costs of handling and disposal. 
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The following factors influence the efficacy of soil amendments: soil type, pH, 
texture, and slope, loading rates (quantity/area), method of soil incorporation, timing and 
frequency of application, crop grown, and physical and chemical properties of soil. In 
addition, the composition, and physical and chemical properties of the amendment itself, 
will determine the effectiveness of the soil amendment in agriculture (Hill and James, 
1995). 
Erving Paner Mill 
Erving Paper mill located in Erving, Massachusetts, is the only operation in 
Massachusetts producing paper from 100%-recycled materials or postconsumer fiber. 
Daily, Erving Paper Mill utilizes 144 Mg of recycled paper of which 99 Mg of paper and 
45 Mg of sludge are produced. Producing paper from recycled materials produces more 
sludge than paper produced from pulpwood. The unusable short, odd-shaped fibers 
resulting from scrap paper pulping increases the amount of sludge produced. 
Currently, most of the 45 Mg of sludge is disposed in Erving Paper Mill landfill. 
The landfill will be closed in December, 2001. The current operation of the wastewater 
treatment plant at the mill takes in municipal wastewater from the town of Erving so that 
about 2 % of the waste is sewage. The plant is required to test for coliform counts, and 
biosolid regulations apply to the sludge (Department of Environmental Protection, 
1994c). 
The impermeable qualities of the paper sludge permit its use for capping landfills 
(Department of Environmental Protection, 1994a). Regulations require that unlined 
landfills be covered with 1 m thick sludge and have a permeability of 10'7 cm sec'1 (Suter 
et al., 1993; Department of Environmental Protection, 1994). The impermeable cover is 
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to prevent water from entering the unlined landfill. The lack of percolating water is 
believed to prevent leachate from contaminating groundwater 
Landfill covers are required to establish sods to reduce surface erosion Paper 
sludge caps alone have hindered sod establishment and growth at the landfill in Erving, 
Massachusetts. Owners of landfills are responsible for monitoring and maintaining the 
effectiveness of the cover as an impermeable layer for 30 years after closure (Sutter et 
al., 1993, Department of Environmental Protection, 1994b). 
Erving Paper Mill sludge contains plant nutrients, metals, and organic matter 
which can be beneficial Alternate uses must be sought to take advantage of the organic 
constituents and nutrients in the sludge. Application to land of these by-products may 
benefit soils by increasing availability of plant nutrients and enhance organic matter. 
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CHAPTER II 
PAPER SLUDGE AS A SOIL AMENDMENT FOR PRODUCTION OF CORN 
Abstract 
To evaluate different levels of paper sludge as a soil amendment for the 
production of corn (Zea mays L), sludge was added to field plots (0 to 448 Mg wet 
mass/ha in 112 Mg units) in May 1998. Paper sludge was applied once and was 
incorporated into the top 25-cm of soil. In 1998 and 1999, N was added as ammonium 
nitrate at 200 or 400 kg/ha, and three rows of‘Pioneer 35N05’ corn seeds were planted 
in each 2.4 m by 4.5 m plot. At maturity, corn plants were counted in 1.5 m of the 
middle row, and yields were determined. Grain and stover yields in 1998 or 1999 were 
not affected by the addition of paper sludge. However, stover dry mass production was 
greater in 1998 than in 1999. Grain elemental mineral analysis showed an increase in N, 
P, K, Mg, Zn, Mn, and B concentrations in the second year of growth after application 
of sludge. Stover concentrations of Cu, Fe, and B were greater in the second growing 
season. Soil analysis showed a decrease in NO3-N or Ca concentrations with addition 
paper sludge in 1998. In 1999, NO3-N or Ca concentrations did not vary with addition 
of paper sludge. Zinc concentrations did not vary with addition of paper sludge in 1998, 
but increased with addition of paper sludge in 1999. Soil cation exchange capacity was 
greater in 1999 (25.9 meq/lOOg) than in 1998 (18.6 meq/lOOg), with the base saturation 
being dominated by Ca. Readily available K was lower in 1999 than in 1998. Soil pH 
was greater in 1999 (average 7.2) than in 1998 (average 7.0). In 1998, adding paper 
sludge did not increase soil organic matter, which averaged 2.5 %. Results from this 
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study indicated that additions of paper sludge to soil added nutrients and did not 
suppress corn yields. 
Introduction 
Spreading paper mill sludge on agricultural land as a fertilizer or soil conditioner 
is an attractive alternative to landfilling (Thiel, 1985). Landfilling achieves only disposal 
of sludge, but landspreading provides opportunities to benefit production of field crops 
(Bowen, et al., 1996; Dolar et al., 1972; Edwards, 1997; Thiel, 1985), forests (Bockheim 
et al., 1988; Brockway, 1983; Jackson et al., 2000), and nursery crops (Bellamy et al., 
1995) , or in land reclamation (Feagley et al., 1994; Pichtel et al., 1994). Benefits include 
increased plant growth and yield and increased soil cation exchange capacity, soil 
nutrients, organic matter, or moisture retention (Bellamy et al., 1995; Bowen, et al., 
1996; Carpenter and Fernandez, 2000, Edwards, 1997; Havlin, et al., 1990; Press, et al., 
1996) . Some adverse effects include N deficiency (Sabey et al., 1977; Chanyasak, et al., 
1983; Camberato et al., 1997; Edwards, 1997), high soluble salts (Bellamy et al., 1995), 
or increased soluble aluminum. Aluminum use is inherent in the manufacturing of paper 
and may be a problem element if paper sludge is applied as a soil amendment (Edwards, 
1997) . 
Large quantities of paper mill sludge are produced from recycled materials. 
Producing recycled paper produces more sludge than paper produced from pulpwood. 
The unusable, short, odd-shaped fibers resulting from scrap-paper pulping increases the 
amount of sludge produced (McKinney, 1995). Erving Paper located in Erving, 
Massachusetts, produces paper from only recycled materials or postconsumer fiber. This 
plant is the only operation in Massachusetts producing paper from only recycled 
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materials. The mill handles 144 Mg of recycled paper per day from which 99 Mg of 
absorbent paper products and 45 Mg of sludge are produced. Currently, most of the 45 
Mg of sludge is disposed in the Erving Paper Mill landfill. The landfill will be closed in 
2001, and alternative uses for large quantities of sludge need to be investigated. 
Disposal in landfills should be avoided, and alternate uses are being sought to 
take advantage of the organic and nutritional constituents. Landspread paper mill sludge 
may serve as a beneficial soil amendment and provide organic matter and nutrients to 
soils. The purpose of this investigation was to determine the effects of paper mill sludge 
on soil properties and production of corn. 
Materials and Methods 
Paper mill sludge (Erving Paper, Erving, Massachusetts) was applied on 8 May 
1998 at 0, 112, 224, 336, or 448 Mg wet mass/ha to 2.4 m by 4.5-m field plots. A one¬ 
time application of sludge (40 % solids) was applied and incorporated into the soil 
approximately 25-cm deep immediately after application. 
Erving Paper accepts municipal wastewater from the town of Erving into its 
treatment plant and about 2 % of the paper waste was sewage sludge. The analysis of 
this sludge is shown (Table 2.1). The soil at the University of Massachusetts Research 
Farm in South Deerfield, Massachusetts is Hadley fine sandy loam (Typic Udifluvent, 
coarse-silty, mixed, nonacid mesic) with an average pH of 6.8 (Boll et al., 1996; 
Veneman, 1985). Each year (1998 and 1999), N was added to the field as ammonium 
nitrate broadcast at 200 or 400 kg N/ha. The 400 kg N/ha treatments were added at 200 
kg N/ha at planting, and the remaining N was side-dressed when corn height reached 
approximately 0.3 m. Treatments were applied in 4 randomized complete blocks. Three 
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rows of field corn ‘Pioneer 35N05’ were planted per plot at 0.9-m row spacing Kadi 
year at maturity, corn was harvested from 1.5 meters of the center row Twenty-eight 
days after planting, heights of 5 corn plants chosen randomly were measured to assess 
growth After 20 weeks of growth, plants were counted, and yields of ears and stover 
were determined. Shelled grain and stover were analyzed separately for nutrients and 
heavy metals. Soil samples were taken from each plot on 6 July 98 and 2 July 99 to 
determine nutrient and metal content in soils. Tissue and media samples were analyzed 
by the Soil and Plant Tissue Testing Laboratory, University of Massachusetts, Amherst, 
Massachusetts (Bradstreet, 1965; Kalra, 1998, Soil and Plant Analysis Council, 1992) 
Results 
Corn Growth 
Twenty-eight days after seeding, the height of corn plants was measured as an 
assessment of growth Height decreased with increasing amounts of paper sludge to 
about 224 Mg/ha (Figure 2 1). Visually, it was apparent that corn plants in plots with 
paper sludge were short and grew unevenly due to poor seedling vigor following 
hindered germination. In the first season, total plant number, which reflects germination, 
was suppressed in plots with paper sludge (Table 2 2). Final dry mass per 2 44 m of the 
center row suggested that plants that did germinate recovered with time from the initial 
effects of paper sludge addition (Table 2 3). 
Each year, corn was planted in mid-May and harvested mid-October. Stands and 
yields were determined from 2 44 m of the middle row (Tables 2.2 & 2 3) The dry mass 
of ears or stover was not affected by sludge or N additions Corn ear dry mass did not 
differ between 1998 and 1999, but stover dry mass was higher in the 1998 season than in 
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the 1999 season. In 1998, additions of paper sludge suppressed the density of corn 
plants. In 1999, the year-previous additions of paper sludge had no effect on plant 
density (Table 2.2). An average of 12.4 corn plants grew in 2.44 m of row and did not 
differ between 1998 and 1999. 
Grain and Stover Elemental Composition 
Nutrient concentrations (N, P, K, Mg, Zn, Mn, and B) in grain were greater in 
1999 than in 1998 (Table 2.4). Grain concentrations of P and K varied with season and 
paper sludge (Table 2.5). The main effect of N fertilization was not significant, but in 
1998 at 400 kg N/ha, grain concentrations of P or K increased as paper sludge increased. 
In 1999, neither additions of paper sludge nor N caused variation in grain P or K 
concentrations. 
In stover, elemental concentrations did not vary with paper sludge additions. 
Stover concentrations ofCu, Fe, and B were greater in 1999 than in 1998 (Table 2.4). 
Nitrogen concentrations in stover varied with season and nitrogen addition. With 200 kg 
N/ha added, stover N concentration were 1.10 % in 1998 and 1.26 % in 1999. With 400 
kg N/ha added, stover N concentrations were 1.13 % in 1998 and 1.07 % in 1999. 
Soil Composition 
Composition of the soil varied with paper sludge application and season (1998 or 
1999) (Table 2.6). Concentrations of NO3-N, Ca, Cu, Pb, and Cd were greater in 1999 
than in 1998. Potassium concentrations in the soil were less in 1999 than in 1998. The 
interaction of the amount of paper sludge and season (1998 or 1999) was significant for 
NO3-N, Ca, and Zn. In 1998, NO3-N and Ca concentrations in soil decreased with 
addition of paper sludge. Concentrations ofZn in the soil increased in 1999 with 
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addition of paper sludge. Overall, adding N to the soil affected only the soil N03-N 
concentrations. Soil N03-N concentrations were higher (average, 18.2 mg/kg) with 400 
kg N/ha added than with 200 kg N/ha added (average, 13.6 mg/kg). 
Other soil properties including pH, cation exchange capacity, percent base 
saturation, and organic matter were assessed (Table 2.7). The pH and cation exchange 
capacity were higher in 1999 than in 1998 whereas percent base saturation of K was 
lower in 1999 than in 1998. Soil organic matter was determined on 6 July 98 and did 
not vary with addition of paper sludge. Since soil organic matter did not vary with 
sludge application in 1998, soil organic matter was not determined in 1999. 
Discussion 
Yields of field corn were not suppressed by additions of paper sludge to soil, as 
sludge addition had no significant effect on harvested mass of ears or stover 
Initially after application of paper sludge, corn was visually unhealthy with some mottling 
and wilting of leaves, symptoms which appeared to be associated with the paper sludge 
additions. A suppression of growth was reflected in corn height and stand density; 
however, plants recovered, so that yields were not affected by paper sludge addition. In 
1999, one year after sludge application, no suppression of growth was noted. 
Soil nutrient content increased in 1999, one year after application of paper sludge 
(Table 2.6). In 1998, the addition of paper sludge decreased soil NO3-N and Ca 
concentration. Soil Zn concentrations increased in 1999 with paper sludge addition, yet 
all other soil elements did not change due to the addition of paper sludge. Soluble salts 
in paper sludge likely did not hinder corn germination or growth, for electrical 
conductivity (EC) was too low to have an effect on plant growth (0.32 dS/m in a 2:1 
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watensoil extract) (Richards, 1954). The soil pH increased to an average of 7.2 in 1999 
from 7.0 in the 1998 season. Sludge addition had no effect on soil pH in 1998 but 
slightly elevated pH in 1999. 
Nitrogen levels in grain and stover were below the recommended levels for 
optimum yields (2.7 to 4.0 % N) showing that N deficiency may have decreased biomass 
production (Mills and Jones, 1996). Most grain and stover concentrations of nutrients 
increased in the second season. After one year of stabilization of paper sludge in the soil, 
perhaps more nutrients were available. Symptoms of nutrient deficiencies were not 
apparent; however, many tissue concentrations of nutrients such as N and P were below 
sufficient levels for adequate growth (Mills and Jones, 1996). 
Paper sludge additions did not suppress corn yields. Paper mill sludge 
application to land may benefit soil by adding nutrients, which may be come available 
with time. The source and residual effects of these elements must be investigated further 
to determine the feasibility of utilizing paper sludge as a soil amendment on agricultural 
land. 
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Table 2.1. Analysis of paper mill sludge for application to field soil. 
Extractable 
Elemental Composition Other properties 
-mg/kg- 
Ammonium-N 2 
Electrical 
Nitrate-N 2 conductivity* 0.32 dS/m 
P 13 Cation 
exchange capacity 39.1 meq/1 OOg 
K 71 
Ca 8,603 Base saturation 
Mg 57 
K Mg Ca 
-%- 
0.48 1.17 98,48 
B 0.6 
Mn 25 
Zn 24 
Cu 2.1 
Fe 26 
A1 46 
Pb 3.5 
Cd 0.05 
Ni 0.22 
Cr 0.17 
Average analysis of 7 samples from paper sludge delivered 8 May 1998. 
*, Electrical conductivity extracts 2:1 (v:w; water to medium; 40 mis of water:20 g 
medium) 
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Figure 2 1. Height of com plants 28 days after application of paper sludge 
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Table 2.2. Total number of corn plants In 2.44 m of row with varying amount of paper 
sludge in 1998 or 1999. 
Paper sludge 
treatment 1998 
Total Number 
1999 
—Mg/ha— -#- 
0 13.6 11.4 
112 12.8 13.0 
224 12.7 12.9 
336 12.4 12.6 
448 11.6 12.0 
Trend L** ns 
Means 12.5 12.3 
ns, nonsignificant; L, linear regression; **, P < 0.01 
Effects of N additions on total number of plants was not significant and are not 
presented. 
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Table 2.3. Ear and stover dry mass of corn grown in 2.44 m of the center row in varying 
levels of paper mill sludge for two seasons. 
Paper sludge Ears 
Plant mass 
Stover 
treatment 1998 1999 1998 1999 
—Mg/ha— - Kg 
0 3.9 2.7 5.3 3.4 
112 3.7 3.6 5.4 3.2 
224 3.2 3.2 4.7 3.2 
336 3.4 3.2 5.1 3.8 
448 3.2 3.3 5.1 4.2 
Trend ns ns ns ns 
Means 3.5 3.2 ns 5.1 3.6 ** 
Effects of year **, P < 0.01; ns = nonsignificant 
Trend, ns = nonsignificant 
Effects of N additions on ear or stover dry mass were not significant and are not 
presented. 
Effect of different years (1998 vs. 1999) was not significant. 
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Table 2.4. The effects of year on nutrient concentrations in grain or stover of corn at 
maturity. 
Year Elemental Analysis 
N P K Ca Mu Zn Cu Mn 
* 
Fe R 
-% 
Grain 
mg/kg - 
1998 1.41 0.31 0.47 0.01 0.11 18 4 3 28 2 
1999 1.57* 0.47** 0.59* * 0.01ns 0.18** 28** 8ns 7* 35ns 5** 
Stover 
1998 111 0.12 1.38 0.59 0.15 18 13 26 113 3 
1999 1.16ns 0.15ns 0.96ns 0.63ns 0.17ns 18ns 16** 25ns 310** 6** 
ns = nonsignificant; *, P < 0.05; **, P < 0.01 for each element between years in plant 
part 
Effects of amount of paper sludge or N additions on elemental concentrations in stover 
were not significant and are not presented. 
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Table 2.5. Grain concentrations of phosphorus and potassium in corn at maturity in two 
seasons and grown in varying amounts of paper sludge. 
_Elemental Analysis______ 
Paper sludge P__K  
treatment 200 kg N/ha 400 kgN/ha 200 kg N/ha 400 kg N/ha 
—Mg/ha— -%- 
1998 
0 0.31 0.28 0.47 0.45 
112 0.31 0.29 0.47 0.47 
224 0.30 0.29 0.47 0.46 
336 0.29 0.33 0.46 0.49 
448 0.31 0.33 0.47 0.50 
Trend ns L* ns L* 
Means 0.31 0.3 Ins 0.47 0.48ns 
1999 
0 0.43 0.45 0.57 0.61 
112 0.45 0.43 0.60 0.61 
224 0.45 0.43 0.59 0.61 
336 0.50 0.41 0.60 0.56 
448 0.49 0.45 0.61 0.59 
Trend ns ns ns ns 
Means 0.47 0.47ns 0.59 0.59ns 
L, linear regression; *, P < 0.05; ns, nonsignificant 
Interaction of sludge and N was significant 
Effects of paper sludge and N additions for all other elemental concentrations in grain 
were not significant 
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Table 2.7. Soil pH, CEC, or organic matter after one application of paper sludge in 
1998. 
Paper sludge 
treatment Soil properties 
pH CEC Base saturation Organic matterf 
K Mg Ca 
—Mg/ha— meq/100 g % 
1998 
0 6.9 26.4 1.2 2.5 92.6 2.70 
112 7.1 18.5 1.2 2.0 97.0 2.24 
224 7.0 16.1 1.2 2.4 93.0 2.43 
336 7.1 16.4 1.2 2.4 95.0 2.41 
448 7.0 15.6 1.5 3.2 93.8 2.68 
Trend ns ns ns ns ns ns 
Means 7.0 18.6 1.2 2.5 94.3 2.49 
1999 
0 6.9 23.2 1.1 2.5 88.1 — 
112 7.3 24.4 0.7 1.6 97.9 — 
224 7.3 30 0 0.6 1.9 97.7 — 
336 7.3 24.9 0.6 1.5 98.0 — 
448 7.2 27.2 0.6 2.0 97.6 — 
Trend Q* ns ns ns ns 
Means 7.2 25.9* 0.7* 1.9 95.9 
ns, nonsignificant; Q*, quadratic regression, P < 0.05 
*, means of significantly different (.P < 0.05); —, not analyzed 
Additions of nitrogen had no significant effect on soil properties 
t, Organic matter on 6 July 98, about 60 days after sludge application 
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CHAPTER III 
GROWTH OF CORN IN VARYING LEVELS OF PAPER MILL SLUDGE AND 
SOIL MIXTURES 
Abstract 
i 
To evaluate different levels of paper mill sludge as a soil amendment for the 
production of corn (Zea mays L.), sludge was added to 15-cm pots of soil in a 
greenhouse experiment. Mixtures were made from sludge processed during the 
manufacture of recycled paper (0 to 560 Mg/ha wet mass added in 112 Mg increments) 
mixed with soil (A horizon Hadley fine sandy loam, Typic Udifluvent, coarse-silty, 
mixed, nonacid mesic). Nitrogen was added as ammonium nitrate at 0 or 200 kg N/ha. 
Eight corn seeds of‘Pioneer Max 21 ’ were sown into each pot immediately after mixing 
the paper mill sludge and soil or at 21 days after mixing the media Seven days after 
sowing, seedlings were counted in each pot to assess germination (emergence). 
Delaying of sowing for 21 days increased the number of seeds that germinated. Corn 
plants were harvested after 35 days of growth. Plant biomass declined as amounts of 
sludge increased. Adding N and delaying sowing for 21 days produced the greatest 
amount of dry mass. Tissue (leaf) total N decreased with increasing amounts of sludge. 
Addition of N to the mixtures increased the average leaf total N. However, leaf total N 
still decreased with increasing amounts of sludge added even if N was added at 200 
kg/ha to the media. Sowing immediately after setup of the experiment gave the highest 
leaf total N if no sludge was added to the mixture. Sowing immediately after setup and 
adding paper mill sludge at 560 Mg/ha produced the lowest total N in corn leaves. 
Generally, the P concentration in plants increased as the amount of paper sludge 
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increased, but the increase was less with N added than in treatments without N added 
At 21 days, carbon: nitrogen ratio, pH, and salinity of the media declined relative to the 
initial values. Total N in the media was higher after a 21-day delay than immediately 
after setup of the experiment. Organic matter content increased with increasing amounts 
of paper sludge. Results indicated that addition of paper sludge to soil increased media 
organic matter and P contents. Germination was hindered for seeds sown immediately 
after setup of the experiment, but delaying seeding for 21 days eliminated the 
germination problem. Nitrogen deficiency was problematic, and more than 200 kg/ha of 
supplemental N was needed to overcome immobilization of N. 
Introduction 
Concern for disposal of paper mill sludge in landfills has increased over the last 
10 years. Large quantities of paper mill sludge are produced during paper 
manufacturing, and producing recycled paper generates more sludge than paper 
produced from pulpwood (McKinney, 1995). Landfilling and incineration of by¬ 
products have become unfavorable means of disposal (Basta, 2000; Bellamy et al., 1995; 
Thiel, 1985). Alternatives for disposing of paper mill sludge currently are being sought. 
The high organic matter content and low trace metal and organic pollutants in pulp and 
paper mill sludge suggest that these residuals may be a valuable resource for soil 
amendments (Bellamy et al., 1995). As supplies of traditional organic amendments 
including peat moss, composts, and farm manures have diminished near urban areas, 
opportunities for beneficial use of paper mill sludge on land have increased (Carpenter 
and Fernandez, 2000; Edwards, 1996; Thiel, 1985). 
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At paper mills, primary treatment produces sludge that is high in wood fiber, 
clay, and lime. Primary treatment of wastewater allows for settling of readily coagulable 
solids and is 3 to 7 % solids. Primary treatment does not include a biological treatment 
(Hue, 1995). Secondary sludge contains 0.5 to 2.0 % solids (Hue, 1995) after a 
biological treatment and before thickening. In general, primary sludge has a high 
carbon:nitrogen (C:N) ratio whereas the secondary sludge has a higher P and N content, 
resulting in a lower C:N ratio than with the primary sludge (Dolar et al., 1972; 
Camberato et al., 1997). Some nutrients such as P, K, Ca, and Mg increase with 
additions of paper mill sludge to the soil (Brockway, 1983; Edwards, 1997). Aluminum 
is inherent in the manufacturing of paper and may be a problem with paper mill sludge as 
a soil amendment (Edwards, 1997). 
Addition of paper mill sludge to soil can increase plant growth and yield (Bellamy 
et al., 1995), increase N and P availability (Brockway, 1983), and increase soil organic 
matter content (Einspahr et al., 1984; Thiel, 1985). Nitrogen immobilization has been 
documented in sludge-amended soils, but com plants have been shown to recover 
quickly following the treatments (Thiel, 1985). Nitrogen immobilization has been 
corrected by delaying seeding after application of paper mill sludge, by reducing sludge 
application, or by applying supplemental fertilizer (Simpson et al., 1983). 
Successful use of paper mill sludge in agriculture must demonstrate, without 
adverse effects, that crops benefit or that soil properties improve from the addition of the 
sludge as a soil amendment. The purpose of this research was to demonstrate the utility 
of paper mill sludge as a soil amendment for corn growth. 
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Materials and Methods 
Paper mill secondary sludge (Erving Paper Mill, Erving, Massachusetts) was used 
to prepare treatments to simulate field applications of 0, 112, 224, 336, 448, or 560 Mg 
wet mass/ha. Media were prepared to simulate field conditions by mixing sludge 0 50 
100, 150, 200, or 250 g (40 % solids) per 1000 g soil (Hadley fine sandy loam, Typic 
Udifluvent, coarse-silty, mixed, nonacid mesic) (Veneman, 1985). In a wheelbarrow, 4 
pots of medium were mixed by hand with sludge or N. This method ensured 
homogeneous mixing of treatments and the N. Treatments were arranged in 4 
randomized complete blocks in a greenhouse at the University of Massachusetts at 
Amherst. 
The Erving Paper Mill treatment plant accepts municipal wastewater from the 
town of Erving so that about 2% on average of the paper waste is sewage sludge. 
Analysis of the paper mill sludge used is shown (Table 3.1). Nitrogen was added as 
ammonium nitrate at 0 or 200 kg N/ha (mass basis). Eight corn seeds (Zea mays L. 
‘Pioneer Max 21’) were sown into each pot immediately after mixing the sludge and soil 
media or at 21 days later to assess the impact of seeding time on germination and growth 
of corn. The seedlings that emerged were counted to assess germination. Shoots of 
corn plants were harvested after 35 days of growth, and dry weights were recorded. 
Ground leaves were analyzed for total Kjeldahl-N (Bradstreet, 1965) and P using the 
molybdovanadophosphoric acid procedure (Olsen, 1965). Growth was assessed as shoot 
dry mass production to determine the suitability of the different mixtures for growing 
corn. 
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Samples of the media were taken on the day of mixing of media and 21 days later 
for determinations of organic matter (Storer, 1984), total Kjeldahl-N (Bradstreet, 1965), 
pH, and electrical conductivity by the 2:1 method (Richards, 1954) (extracts, 2:1 
volume:weight, watenmedium; 40 mis water:20 g medium). 
Results 
Corn Germination 
Seven days after sowing, the number of seedlings that emerged of the 8 seeds 
sown were counted to assess germination. Delaying seeding for 21 days after mixing the 
paper sludge and soil increased the average percent germination from 88 % with 
immediate seeding to 100 % with delayed seeding. 
Corn Growth 
Thirty-five days after sowing, growth of corn was assessed from the dry mass of 
shoots (Table 3.2). The interaction of amount of paper sludge, N addition, and seeding 
time was significant. Plant growth was suppressed by increased applications of paper 
sludge, but the suppression varied with N addition. The mean dry mass of plants grown 
with N addition was 2.8 g/plant and without N addition was 2.2 g/plant. Also, the paper 
sludge additions were less suppressive to growth with the 21 day delay in planting. The 
mean dry mass per plant was 2.4 g with seeding immediately following application of 
sludge and 2.6 g with the 21-day delay in seeding. 
Nitrogen Accumulation 
The interaction of amount paper sludge added, N addition, and seeding time was 
significant (Table 3.3). In all cases, total N concentration in corn leaves decreased with 
increasing amounts of sludge; however, the decline in total N concentrations varied with 
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N fertilization (Figure 3.1). The mean N concentration in leaves with N fertilization was 
1.67 % and with no fertilization was 1.42 % (Table 3.3). Delayed seeding time also 
lessened the suppression of N accumulation (Figure 3.2). The seeding-time component 
of the interaction seemed to be small, since the mean N concentration in leaves with no 
seeding delay was 1.51 % N and with the 21-day seeding delay was 1.58 % N (Table 
3.3). 
Phosphorus Accumulation 
The interaction of amount of paper sludge addition, N addition, and seeding time 
was significant (Table 3.4). Generally, the P concentration in plants increased as the 
amount of sludge was increased up to 448 Mg/ha of sludge (Figure 3.3). The seeding 
time component of the interaction seemed to be small in that the increase in P 
concentration was about the same with or without seeding delay (Table 3 .4). The main 
effect of seeding time had no effect on P concentration, with the mean concentration 
being 0.20 % P. 
Media Composition 
The C:N ratio of the media was lower at 21 days after application (C:N, 12:1) of 
the paper mill sludge than immediately after application (C:N, 14:1) of the waste (Table 
3.5). The pH and electrical conductivity of the media were significantly lower after 21 
days than immediately after application (Table 3.5). The mean total N of the media was 
higher after 21 days (0.19 %) than immediately (0.15 %) after the setup of the 
experiment. Total N (Kjeldahl-N) in the media varied little with the application of paper 
sludge (Figure 3.4). Soil organic matter increased with the application of paper mill 
sludge, but N addition had little effect on the soil organic matter (Figure 3.5). 
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Discussion 
Increasing amounts of paper mill sludge in the media suppressed growth of corn 
plants. Nitrogen deficiency appeared to cause the decrease in biomass with increasing 
paper sludge. The C:N ratio of the paper mill sludge was 84:1 (Table 3.1). Differences 
in C:N ratio of the media were not detected with increasing amounts of paper sludge, as 
the amount of sludge added was small relative to the mass of the soil. Corn leaf analysis 
indicated that all plants were N deficient and that most were P deficient. Hence, it 
appears that the paper sludge led to immobilization of soil-available N and P. Corn 
plants less than 12 inches tall should have tissue total N of 3.50 to 5.00 % N and P levels 
0.3 to 0.5 % P (Mills and Jones, 1996). The highest average tissue total N was 2.3 1 % 
N, and adding paper sludge enhanced the deficit in tissue total N (Figure 3.2). Even with 
no paper sludge amendment and N (200 kg N/ha) added, tissue total N was deficient 
(2.31 % N). Phosphorus deficiency is likely if total P concentration is below 0.2 % 
(Mills and Jones, 1996), and in the experiment, P values were often below this level. 
Symptoms of N and P deficiency were widespread and began developing after 2 
weeks of growth. Nitrogen deficiency appeared in old leaves as light green to yellow 
coloration. Later stages of N deficiency showed some necrosis. Phosphorus deficiency 
symptoms included dark-green color of old leaves with purplish color particularly on the 
underside of the leaf. Differentiation between N and P deficiency symptoms became 
difficult after about 4 weeks of growth, as all deficient plants showed advanced stages of 
chlorosis and necrosis. 
Media organic matter increased with increased additions of paper mill sludge. 
These results were similar to those of Thiel et al. (1985), who showed an increase in 
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organic matter with paper sludge as a soil amendment for growth of potatoes and corn 
Additions of sludge also have enhanced the P and N contents of media (Dolar et al., 
1972) Emng Paper Mill sludge increased the available P to plants (Figure 3.3) The 
total N content of the media slightly increased from 0.16 to 0 18 % N with additions of 
paper sludge This increase was not reflected in leaf total N In fact, total N 
concentration and accumulation of plants decreased with increasing paper mill sludge, 
suggesting immobilization of available N (Table 3.3). 
Delaying of seeding increased germination. Electrical conductivity (EC) and pH 
of the media w ere lower at 21 days after setup of the experiment than immediately after 
mixing the media. Electrical conductivity of the media can influence the water relations 
of the media thereby influencing germination, but in this experiment, EC was too low to 
have an effect on plant growth. Initially, the average EC of the media was 0.21 dS/m in 
a 2:1 water: soil extract, which would be about 0.84 dS/m in a saturation extract. This 
value is far below the 2.0 dS/m limit noted by Richards (1954) as having negligible 
effects on plant growth. It is likely that decomposition products had suppressive effects 
on germination of seeds that were sown immediately after mixing the media The EC 
was probably due to soluble organic carbon and N constituents. 
Addition of Erving Paper Mill sludge to soil improved media organic matter and 
P content. Nitrogen was deficient, and supplemental N at 200 kg/ha was not sufficient 
to overcome the deficiency. Germination was hindered when seeds were sown 
immediately after the start of the experiment but not if sowing was delayed for 21 days. 
Use of Erving Paper Mill sludge did demonstrate some utility in agriculture, such as 
enrichment of soil with total N (but not readily available N), P, and organic matter. 
46 
However, some strategies such as supplementing N or delaying seeding may be needed 
to eliminate deficiency symptoms and biomass suppression. 
47 
References 
Basta, N. T. 2000. Examples and case studies of beneficial reuse of municipal by¬ 
products. p. 481-504. In W. A. Dick (ed.) Land Application of Agricultural, 
Industrial, and Municipal By-Products. Soil Science Society of America Book 
Series 6, Madison, Wis. 
i 
Bradstreet, R.B. 1965. The Kjeldahl method for organic nitrogen. Academic Press, 
New York. 
Bellamy, K.L., C. Chong, and R.A. Cline. 1995, Paper sludge utilization in agriculture 
and container nursery culture. J. Environ. Qual. 24:1074-1082 
Brockway, D.G. 1983. Forest floor, soil, and vegetation responses to sludge fertilization 
in red and white pine plantations. Soil Sci. Soc. Am. J. 47:776-784. 
Camberato, J.J., E D. Vance, and A V. Someshwar. 1997. Composition and land 
application of paper manufacturing residuals, p. 185-203. In J.E.Rechcigl and H.C. 
MacKinnon (ed.) Agricultural Uses of By-Products and Wastes. ACS Symposium 
Series 668, American Chemical Society, Washington, D.C. 
Carpenter, A.F. and I.J. Fernandez. 2000. Pulp sludge as a component in manufactured 
topsoil. J. Environ. Qual. 29:387-397. 
Dolar, S.G., J.R. Boyle, and D.R. Keeney. 1972. Paper mill sludge disposal on soils: 
Effects of yield and mineral nutrition of Oats (Avena sativa L). J. Environ. Qual. 
4:405-409. 
Edwards, J.H. 1997. Composition and use of uncomposted waste paper and other 
organics, p. 163-184. In J.E. Rechcigl and H.C. MacKinnon (ed.) Agricultural 
Uses of By-Products and Wastes. ACS Symposium Series 668, American 
Chemical Society, Washington, DC. 
Einspahr, D., M.H. Fiscus, and K. Gargan. 1984. Paper mill sludge as a soil amendment. 
In TAPPI Proceedings, Environ. Conf. TAPPI Press, Atlanta, Ga. p. 253-257. 
Hue, N.V. 1995. Sewage Sludge, p. 199-247. In J.E. Rechcigl (ed.) Soil Amendments 
and Environmental Quality. Lewis Publishers, Boca Raton, Fla. 
McKinney, R.W.J. 1995. Environmental impacts of paper recycling. P. 371-393. In 
R.W.J. McKinney (ed.) Technology of Paper Recycling. Blackie Academics and 
Professional, New York. 
Mills, H.A. and J. Benton Jones, Jr. 1996. Plant Analysis Handbook 11. MicroMacro, 
Publishing, Inc., Athens, Ga. 
48 
Olsen, SR and L A. Dean. Phosphorus, pp. 1035-1049. In C.A. Black (ed.) Methods of 
Soil Analysis. Part 2. Chemical and Microbiological Properties. Agronomy 9. 
American Society of Agronomy, Madison, Wis. 
Richards, L A. (ed.) 1954. Diagnosis and improvement of saline and alkali soils. 
Agriculture Handbook No. 60. United States Department of Agriculture. 
Washington, D C. 
Simpson, G.G., L.D. King, B.L. Carlise, and P S. Blickensderfer. 1983. Paper mill 
sludges, coal fly ash, and surplus lime mud as soil amendments in crop 
production. TAPPI J. 66(7):71-74. 
Storer, D A. 1984. A simple high sample volume ashing procedure for determination of 
soil organic matter. Commun. Soil Sci. Plant. Anal., 15(7):759-772. 
Thiel, D. A. 1985. Combined primary/secondary sludge proves beneficial for potatoes 
and corn. p. 261-278. In TAPPI Proceedings, Environ. Conf. TAPPI Press, 
Atlanta, Ga. 
Veneman, P.L.M. 1985. Laboratory data and descriptions for selected soils in 
Massachusetts I. Massachusetts Agr. Exp. Stn. Bull. 706. 
49 
Table 3 .1. Properties of paper mill sludge. 
Elemental compostition (total) Other properties 
-mg/kg—- 
• 
Total N 2,800 pH 7.8 
Ammonium N 18 Soluble salts, dS/m* 3.29 
Nitrate-N 27 Organic matter, % 44.0 
P 57 Estimated organic carbon, % 23.8 
K 151 Carbon:Nitrogen ratio 85:1 
Ca 76,292 Bulk density, g/cm3 0.28 
Mg 364 Solids, % 40 
B 0.5 
Mn 27 
Zn 31 
Cu 5 
Fe 143 
Pb 5 
Cd 0.0 
Ni 0.4 
Cr 0.4 
* Saturated paste 
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Table 3.2. Dry mass of corn shoots after 35 days of growth in paper sludge media 
with or without N fertilization and with or without delay in planting. 
Seeding time after mixing 
Sludge added No delay 21-day delay 
Mg/ha ON 200N’ ON 200Nt Mean 
0 3.52 4.16 
-g/pot- 
3.50 4.18 3.84 
112 2.69 3.76 3.35 4.31 3.52 
224 2.44 3.32 2.26 2.82 2.71 
336 1.67 1.83 2.19 2.15 1.96 
448 1.08 1.69 1.22 1.23 1.31 
560 1.23 1.25 1.12 2.70 1.57 
Means 
Trend 
2.10 
L* 
2.67* 
L* 
2.27 
L* 
2.89* 
L* L* 
fkg N/ha 
L, linear regression; *, P < 0.05 
*, means of N treatments significantly different by F-test, P < 0.05 
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Table 3.3. Total N in leaves of corn plants grown in paper sludge with or without 
N fertilization and with or without delay in planting. 
Seeding time after mixing 
Sludge added 
Mg/ha ON 
No delav 
200N’ ON 
21-dav delav 
200Nf Mean 
-% N- 
0 2.13 2.52 2.04 2.11 2.20 
112 1.30 2.39 1.45 1.66 1.70 
224 1.23 1.57 1.39 1.49 1.42 
336 1.19 1.23 1.47 1.49 1.35 
448 1.06 1.27 1.32 1.36 1.25 
560 1.14 111 1.38 1.81 1.36 
Mean 1.35 1.68* 1.51 1.65* 
Seeding time 
Means 1.51 1.58ns 
Trend L" Q L* L** L" Q” l’\ q- 
*kg N/ha 
L, linear regression; Q, quadratic regression; *, P < 0.05; **, P < 0.01 
*, means of N treatments significantly different by F-test, P < 0.05 
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Figure 3.1. Total N in corn leaves with paper sludge and N treatments. 
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Figure 3.2. Total N in corn leaves with increasing amounts of paper sludge and two 
seeding regimes. 
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Table 3 .4 Total P in leaves of com plants grown in paper sludge media with or without 
N fertilization and with or without delay in planting. 
Sludge added 
Me/ha 
Seeding time after mixing 
Mean 
No delav 21 -dav delav 
ON 200N* ON 200N* 
__ 0/ p__ 
0 0.13 0.14 0.13 0.12 0.13 
112 0.16 0.13 0.15 0.14 0.15 
224 0.20 0.14 0.20 0.18 0 18 
336 0.23 0.21 0.20 0.21 0.21 
448 0.30 0.25 0.29 0.28 0.28 
560 0.27 0.25 0.28 0.18 0.24 
Mean 0.22 0 19* 0.21 0.18* 
Trend L“ L* L*\ Q" L~ 
„ ♦♦ ^ ♦♦ 
L , Q 
*kg N/ha 
L = linear regression; Q = quadratic regression; * P < 0.05; **P < 0.01 
*, means of N treatments significantly different by F-test, P < 0.05 
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Figure 3 3 Percent P in com leaves with increasing amounts of paper sludge 
and N treatments 
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Table 3 5 Media carbon nitrogen ratio, pH, total nitrogen <TN), and electrical 
conductivity (EC) at two different seeding times 
Measurement 
Seeding time C:N TN 
(%N) 
pH ECV 
fdS/m) 
No delay 14:1 0.15 642 0 210 
21-day delay 12:1* 0.19* 6.05* 0.127* 
EC extracts 2 1 v w, water medium, 40 mis water 20 g medium 
* means in columns significantly different by F-test, / '<0.05 
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Figure 3 .4. Total N in media with increasing amounts of paper sludge and N treatments. 
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6 
Paper sludge (Mg/ha) 
Figure 3.5. Variation in organic matter content in media with increasing amounts of 
paper sludge and N treatments. 
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CHAPTER IV 
GROWTH OF CORN IN VARYING LEVELS OF PAPER MILL SLUDGE AND 
SOIL MIXTURES AMENDED WITH NITROGEN OR PHOSPHORUS 
Abstract 
Media were prepared to evaluate different levels of paper mill sludge as a soil 
amendment for the production of corn. Paper sludge was mixed with A-horizon (Hadley 
fine sandy loam, Typic Udifluvent, coarse-silty, mixed, nonacid mesic) collected at the 
University of Massachusetts Research Farm at Deerfield, Massachusetts. One soil was 
from a field soil (on site), and a second soil was from a site not on the Farm and was in 
storage before use (off site). In a greenhouse experiment, paper sludge (0 to 560 Mg 
wet mass/ha gravimetrically) was mixed with soil from on site, off site soil, or off site soil 
with P (0.8 g P205 kg'1 air-dried soil) and added to 15-cm pots. Nitrogen was added as 
ammonium nitrate at 0 or 200 kg/ha. Eight seeds of corn (Zea mays L., ‘Pioneer Max 
21’) were sown into each pot immediately after mixing the paper sludge and soil. Seven 
days after sowing, seedlings were counted in each pot to assess germination 
(emergence). Emergence of seedlings was hindered with increasing amounts of paper 
sludge. The on site soil hindered seedling emergence. Corn plants were harvested after 
35 days of growth, and plant biomass declined as paper sludge increased. Of the 3 
media, the most plant biomass was produced in the off site soil with P added whereas the 
least plant biomass was produced in on site soil. Additions of paper sludge to mixtures 
decreased the average tissue (leaf) total N. Total N of corn leaves grown in off site soil 
was higher than corn leaf total N in on site or off site soil with P added. Leaf P 
concentration was deficient in corn leaves grown in off'site soil. Supplementing P to the 
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off site soil increased leaf P concentration to levels similar to leaves grown in the on site 
soil. 
Introduction 
Approximately 5,200,000 dry Mg of pulp and paper mill sludge are generated per 
year in the United States (Carpenter and Fernandez, 2000). The high organic matter 
property of paper mill sludge represents a resource as a soil amendment (Bellamy et al, 
1995; Bowen, et al., 1996; Edwards, 1997; Carpenter and Fernandez, 2000; Thiel, 
1985). Currently, 67% of mill sludge is landfilled or incinerated, and neither disposal 
method utilizes the potential value of the paper mill by-products in agricultural uses 
(Carpenter and Fernandez, 2000). 
More paper mills are using post-consumer fiber or recycled paper in the 
manufacture of paper. Production of paper from recycled materials increases the amount 
of sludge produced at paper mills relative to production of paper from pulp wood 
(Coburn and Dolan, 1995). Because of recycling, more unusable, short, and odd-shaped 
fibers (cellulose) are generated from post-consumer fibers than from virgin wood 
(Jackson and Line, 1997). 
Manufacturing of paper generates sludge that can be used as a soil amendment in 
potato production (Dolar et al., 1972; Thiel, 1985; Bowen, et al., 1996), corn production 
(Thiel, 1985), forestry (Bockheim et al., 1988; Jackson et al., 2000), land reclamation 
(Feagley et al., 1994; Pichtel et al., 1994), and nursery culture (Bellamy et al., 1995). 
Paper mill sludge applied to land has increased soil organic matter (Havlin, et al., 1990; 
Press, et al., 1996; Thiel, 1985). Paper mill sludge also has been used beneficially as 
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absorbent materials for industrial cleanups, hydromulch, construction products (wall 
board, door panels, bricks, and shingles), animal bedding, and fuels (Coburn and Dolan, 
1995). 
Nitrogen content often limits the effectiveness of paper sludge as a soil 
amendment (Sabey et al., 1977; Chanyasak, et al., 1983; Camberato et al , 1997; 
Edwards, 1997). Some nutrients such as P, K, Ca, and Mg have increased with 
additions of paper sludge to the soil (Edwards, 1997). 
The purpose of this research was to demonstrate the utility of recycled-paper 
sludge as a soil amendment for corn growth in container media. Previous greenhouse 
research showed deficiencies of P and N to be problematic in similar paper mill sludge 
media (Chapter III). This study amends the off site soil and paper sludge with P and 
adds on site soil to investigate the impacts of paper sludge on corn seedling emergence 
and biomass production. 
Materials and Methods 
Paper mill sludge (Erving Paper Mill, Erving, Massachusetts) was mixed with A- 
horizon soil (Hadley fine sandy loam, Typic Udifluvent, coarse-silty, mixed, nonacid 
mesic) collected at the University of Massachusetts Research Farm at Deerfield, 
Massachusetts (Veneman, 1985). One soil was from a site on the Farm (on site), and a 
second soil was from a site not on the Farm and was in storage before use (off site). The 
pH of the off site soil was 5 .4 whereas the pH of on site soil was 7.2. Further analyses 
of the off site and on site soil used in this investigation are shown (Table 4 .1). 
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In a greenhouse experiment, paper sludge (0 to 560 Mg wet mass/ha 
gra vi metrically) was mixed with on site soil, off site soil, or offsite soil with P (0 8 g 
P205 kg ' air-dried soil) and added to 15-cm pots. Nitrogen w as added as ammonium 
nitrate at 0 or 200 kg ha (mass basis). 
Erving Paper Mill accepts in municipal w astew ater from the town of Ervins into 
its treatment plant, and about 2 % of the paper sludge are sew age sludge Erring Paper 
Mill utilizes 144 Mg of recycled paper per day of which 99 Mg become paper absorbent 
products or printed napkins, and 45 Mg become sludge (average 40°/0 solids). Analysis 
of the paper mill sludge used in this investigation is shown (Table 4.2). 
Media w ere prepared gravimetrically to simulate field conditions Sludge w as 
mixed to 15-cm containers of soil at field rates of 0, 112, 224, 336, 448, or 560 Mg/ha 
(w et mass). Fifteen-cm pots w ere used to hold paper sludge at 0, 50, 100, 150, 200, or 
250 g mixed with approximately 1000-g soil per pot. Treatments were applied in 4 
randomized complete blocks in a greenhouse located at the University of Massachusetts 
at Amherst Phosphorus w as added as superphosphate at 4 g per kg air-dried soil. Four 
pots of medium were mixed by hand in a wheelbarrow to ensure homogeneity. 
Eight seeds of com Pioneer Max 215 w ere sown into each pot immediately after 
mixing the media. The seedlings that emerged after 7 days were counted to assess 
germination. All com was harvested after 35 days of growth, and dry w eights w ere 
determined to assess growth of com in the different media Leaf total Kjeldahl-N 
(Bradstreet, 1965) and P using the molybdovanadophosphoric acid procedure (Olsen and 
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Dean, 1965) were assessed to evaluate the suitability of the various media to provide N 
and P for plant growth. 
Results 
Corn Germination 
Seven days after sowing, the number of seeds that emerged of the 8 seeds sown 
was the assessment of germination. The interaction of soil source and paper sludge 
addition was significant (Table 4.3). Increasing amounts of sludge lowered germination 
in the on site soil but not in the off site soil or off site soil with phosphorus media. Only 
an average of4.3 seeds of 8 seeds emerged in the on site soil. Either the offsite soil 
(average 7.4 of 8 seeds) or off site soil amended with P (average 7.3 of 8 seeds) had high 
average seedling emergence whether or not paper sludge was added. Addition of N did 
not affect seedling emergence. 
Corn Growth 
Thirty-five days after sowing, growth of corn was assessed by determining the 
dry mass of shoots (Table 4.4). The interaction of soil source and paper sludge addition 
was not significant. Overall, plant growth was suppressed by increased applications of 
paper sludge. The highest mean dry mass was produced in off site soil with P added 
(average 9.4 g) whereas the lowest dry biomass was produced in on site soil (average 2.2 
g) (Table 4.4). Addition of N did not affect biomass production 35 days after sowing. 
Nitrogen Accumulation 
Total N concentration in corn leaves decreased with increasing amounts of paper 
sludge (Table 4.5). Total N concentration in corn leaves was the highest in off'site soil 
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(average 2.11 % N), and the lowest in on site soil (1.24 % N) of the 3 mixtures The 
interaction of soil source and paper sludge addition was not significant, and addition of 
N did not affect leaf total N concentrations. Symptoms of N deficiency, yellowing of old 
leaves, were apparent after 10 days of growth in on site soil particularly when high 
amounts of paper sludge were added with or without N. 
Phosphorus Accumulation 
The interaction of the amount of paper sludge addition, N addition, and type of 
soil was significant (Table 4.6). When N was added to on site soil, P concentration in 
corn leaves increased with increasing amounts of paper sludge. Conversely, when N was 
added to off site soil with P added, corn leaf P concentration decreased with increasing 
amounts of paper sludge. When corn was grown in off site soil regardless of N addition, 
P concentration in corn leaves was low (average 0.14 % P). Corn grown in off site soil 
did not have sufficient amounts of available P for plant growth and showed deficiency 
symptoms consisting of purpling on the undersides of the leaves. These symptoms were 
apparent after about 10 days of growth and persisted throughout the experiment. 
Discussion 
Increasing amounts of paper mill sludge in the media suppressed germination and 
growth of corn plants (Tables 4.3 & 4.4). Addition of paper sludge to the on site soil 
hindered germination of seedlings, and the on site soil produced the least amount of corn 
plant biomass of the 3 media (Tables 4.3 & 4.4). Since emergence of seedlings was 
suppressed at 7 days after sowing, a reduction in corn biomass 35 days after sowing in 
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the on site soil resulted. Germination of seedlings in either of the offsite soils was not 
hindered. 
Corn leaf total N and P analyses indicated that all plants were N deficient and 
that most were P deficient. For adequate nutrition, corn plants less than 30 cm tall 
should have leaf total N of 3.50 to 5.00 % N and P levels of 0.3 to 0.5 % P (Mills and 
Jones, 1996). The highest average leaf total N was 2.11 % N in offsite soil, and overall, 
adding paper sludge reduced tissue total N (Table 4.5). The highest average leaf P 
concentration was produced in on site soil with an average of 0.28 % P. When N was 
added to the on site soil, P concentration in corn leaves increased with increasing 
amounts of paper sludge. The opposite was true when N was added to offsite soil 
amended with P, since P concentrations decreased with increasing paper sludge. 
Nitrogen deficiency may be responsible for the decrease in biomass with 
increasing paper sludge. The C/N ratio of the paper mill sludge was 84:1 (Table 4.1). 
Since corn leaf total N indicated that all plants were N deficient, it appears that the paper 
sludge may have led to immobilization of soil-available N. Addition of N at 200 kg/ha 
was not sufficient to overcome these effects, because leaf total nitrogen decreased with 
addition of paper sludge with or with N added (Table 4.5). 
After about 10 days of growth, symptoms of N and P deficiency were widespread 
and began intensifying. Old leaves began turning light green to yellow as an indication of 
N deficiency. Later stages of N deficiency showed some necrosis. Phosphorus 
deficiency symptoms included dark-green color in old leaves with purplish color 
particularly on the underside of the leaf After about 2 to 3 weeks of growth, 
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differentiation between N and P deficiency symptoms became difficult, as all deficient 
plants showed advanced stages of chlorosis and necrosis. Phosphorus deficiency is likely 
if total P concentration is below 0.2 % (Mills and Jones, 1996), and in the experiment 
many P values were often below this level P. 
Addition of Erving Paper Mill sludge to soil suppressed germination and growth 
of corn plants. Germination was hindered when seeds were sown into the on site soil but 
not suppressed in either off site soil. Nitrogen was deficient, and supplemental N at 200 
kg/ha was not sufficient to overcome the deficiency. Further investigations may be 
necessary to determine causes of emergence problems in the on site soil. Additions of N 
and P may be necessary to eliminate deficiency symptoms and biomass suppression. 
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Table 4 .1. Analysis of extractable plant nutrients and trace metals of off site or on site 
soils. 
Composition Off site 
Soil 
On site 
-—mg/kg-— 
Ammonium-N 9 1 
Nitrate-N 135 16 
P 6 8 
K 67 76 
Ca 803 2575 
Mg 135 30 
B 0.1 0.1 
Mn 10.1 5.0 
Zn 1.0 0.9 
Cu 0.4 1.0 
Fe 12.2 3.0 
Pb 1.0 1.0 
Cd 0.0 0.0 
Ni 0.0 0.0 
Cr 0.0 0.0 
A1 61 30 
pH 5.4 7.2 
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Table 4.2. Analysis of total elemental concentrations and other properties of paper 
sludge. 
Elemental 
composition Other properties 
-mg/kg- 
Total N 2,800 Electrical 
Ammonium-N 18 conductivity 3.29 dS/m 
Nitrate-N 27 
P 57 pH 7.8 
K 151 
Ca 76,292 Organic matter 44.0 % 
Mg 364 Estimated 
B 0.5 organic carbon 23.8% 
Mn 26.6 
Zn 30.6 Carbon/Nitrogen 
Cu 5.2 ratio 85:1 
Fe 143.3 
Pb 4.7 Bulk density 0.28 g/ cm3 
Cd 0.0 
Ni 0.4 
Cr 0.4 
Samples taken from sludge delivered January 2000. 
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Table 4.3. Seven days after sowing, emergence of corn seedlings in varying amounts of 
paper sludge and soil sources. 
Paper sludge 
Mg/ha 
Soil 
Off site Off site + P On site 
i 
Means 
0 7.8 7.3 5.9 7.0 
112 7.6 7.0 4.9 6.5 
224 7.4 7.3 6.1 6.9 
336 7.5 7.3 3.9 6.2 
448 6.9 7.4 2.6 5.6 
560 7.3 7.4 2.5 5.6 
Trend ns ns L" L* 
Means 7.4a 7.3a 4.3b 
L= linear regression, ** = highly significant (P <0.01); * = significant (P < 0.05) 
ns = not significant 
Means followed by different letters are significantly different by Duncan’s multiple range 
test (P < 0.05). 
Addition of N did not affect seedling emergence. Interaction of nitrogen x paper sludge x 
soil type was not significant. 
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Table 4.4. Dry mass production after 35 days of growth in varying amounts of paper 
sludge, N, or soil source. 
_Soil type__ 
Paper sludge Off site_Off site + P On site 
Mg/ha ON 200 kgD_ON 200 kg ON 200 kg Mean. 
-g/pot- 
0 6.3 7.2 10.3 
112 6.5 5.1 10.6 
224 5.9 5.1 9.0 
336 5.9 5.5 10.1 
448 5.8 5.7 8.2 
560 5.1 6.2 7.0 
Trend ns ns ns 
Soil Means 5.8b 
11.5 3.0 3.9 7.0 
7.7 1.8 3.5 5.9 
10.2 2.7 3.5 6.1 
10.5 1.9 2.7 6.1 
9.2 0.8 0.5 5.0 
9.0 0.7 1.0 4.8 
ns ns ns L* 
2.2c 
L= linear regression; ** = highly significant (P < 0.01); * = significant (P < 0.05) 
ns = not significant; D = 200 kg N/ha 
Means followed by different letters are significantly different by Duncan’s multiple range 
test (P < 0.05). 
Addition of N did not affect biomass production. Interaction of nitrogen x paper sludge x 
soil type was not significant. 
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Table 4.5. Total N in leaves of corn after 35 days of growth in varying amounts of paper 
sludge, N, or soil source. 
_Soil type__ 
Paper sludge Off site Off site + P On site 
Mg/ha_0 N 200 kgu ON 200 kg ON 200 kg_Means 
---% - 
0 1.99 2.54 2.20 2.17 1.12 1.38 1.90 
112 2.11 2.69 1.99 1.8 1.38 1.21 1.88 
224 2.17 2.10 1.70 1.91 1.38 1.18 1.74 
336 1.91 1.79 1.32 1.88 1.48 1.32 1.62 
448 1.86 1.93 1.36 1.49 1.07 1.78 1.48 
560 2.27 1.99 1.62 2.05 1.00 1.22 1.69 
Trend ns ns ns ns ns ns L* 
Soil Means 2.1 la 1.80b 1.24c 
L= linear regression; ** = highly significant (P < 0.01); * = significant (P < 0.05) 
ns = not significant; D = 200 kg N/ha 
Means followed by different letters are significantly different by Duncan’s multiple range 
test (P < 0.05). 
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Table 4.6. Phosphorus concentration in corn leaves after 35 days of growth in varying 
amounts of paper sludge, N, or soil source. 
Paper sludge 
Mg/ha 
Soil tvpe 
Off site Off site + P On site 
ON 200 keD ON - 200 kg ON 200 kn 
-0/ p 
0 0.18 0.13 0.24 0.32 0.25 0.19 
112 0.13 0.13 0.26 0.28 0.33 0.21 
224 0.12 0.13 0.27 0.24 0.31 0.27 
336 0.14 0 13 0.27 0.24 0.29 0.25 
448 0.15 0.15 0.27 0.24 0.33 0.31 
560 0.15 0.15 0.30 0.24 0.27 0.30 
Means 0.15 0.14 ns 0.27 0.26 ns 0.30 0.26 ns 
Trend ns ns ns L" ns L" 
Soil Means 0.14c 0.26b 0.28a 
D = 200 kg N/ha 
L = linear regression; ** = significant (P < 0.01); ns = not significant 
Means followed by different letters are significantly different by Duncan’s multiple range 
test (P < 0.05). 
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CHAPTER V 
PAPER MILL SLUDGE TOPSOIL MIXTURES FOR WILDFLOWER 
PRODUCTION OVER PLASTIC SHEETING 
Abstract 
Difficulties with germination and establishment of wildflower stands in various 
media and competition from soil-borne weeds often hinder production of wildflower 
stands and lower sod quality. This research evaluated production of wildflower sods in 
paper sludge mixed with weed free by-products or composts with or without N added. 
Paper sludge mixtures included adding builders’ sand, cranberry presscake, or rock dust 
and dairy and leaf compost. Media mixtures were laid on plastic sheeting in outdoor 
plots, and a mixture of wildflower seeds was sown into the media on 23 June 1997. 
Establishment of wildflowers or weeds was assessed by percent coverage of the surface, 
and wildflower growth was determined by shoot biomass production. Establishment and 
growth of wildflowers were limited in mixtures of paper sludge and sand. The best sods 
with respect to stand establishment and biomass production were produced with the 
mixture of paper sludge, sand, and compost or with the mixture of paper sludge, sand, 
compost, and cranberry presscake. The use of weed free by-products and composts 
reduced competition of weeds with wildflowers. As a result, weed competition did not 
restrict wildflower sod development in any mixture. Additions of compost generally 
improved the capacity of media to support sod production. Addition of N suppressed 
growth if too much N was added by the media, but growth improved when N added and 
the media was low in N. The use of plastic-lined frames was an efficient system for 
evaluation of the various media mixtures in outdoor culture. 
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Introduction 
Many by-products by themselves do not provide the balance of nutrients 
necessary for plant growth; however, mixtures of by-products may produce a low cost 
fertilizer, soil amendment, or medium (Agbim et al., 1977; Sabey et al., 1977; Epstein et 
al., 1978). Many by-products such as paper sludge may have a wide C:N ratio and may 
immobilize N making it unavailable for plant growth (Sabey et al., 1977; Edwards 
1997). If supplemental N is necessary, an attractive alternative to commercial fertilizer 
would be to consider other by-products high in N in developing the media (King, 1984). 
Many by-products have available N and could be used to ameliorate N immobilization. 
By-products, such as poultry litter, dairy wastes, composts, and sewage sludge, in proper 
combinations are valuable resources in supplying N to plants, diminishing nitrate 
leaching, and improving soil physical and chemical properties (Sabey and Hart, 1975, 
Sabey et al., 1977; Edwards, 1997). Additions of some sludge with low C:N ratios have 
increased yields of row crops (Thiel, 1985; Bowen et al., 1996). Mixing specific by¬ 
products may be feasible and very useful as agricultural soil amendments. 
Composting mixtures of by-products may improve characteristics of the final 
product. Immature composts may pose problems with ammonium toxicity; however, 
allowing time to pass before usage will eliminate any unforeseen ammonium toxicity 
problems (O’Brien and Barker, 1995a; O’Brien and Barker, 1995b; O’Brien and Barker, 
1997). The availability and the costs of handling and disposal may often dictate the 
feasibility of mixing by-products for use in agricultural. 
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Large quantities of by-products from recycling paper are available in Erving, 
Massachusetts, at Erving Paper Mill. Daily, 45 Mg (40 % solids) of paper sludge are 
disposed in a landfill owned by the paper mill. The current operation of the waste water 
treatment plant at the mill accepts municipal waste water from the town of Erving so that 
about 2 % of the waste are sewage sludge. 
The impermeable qualities of paper sludge permit its use for capping landfills 
(Department of Environmental Protection, 1994a), Landfill covers are required to 
establish sods to reduce surface erosion. Paper sludge caps alone have hindered sod 
establishment and growth at the landfill in Erving, Massachusetts. Landfills and their 
covers must be maintained for 30 years after capping (Department of Environmental 
Protection, 1994b). Grass sods are traditional vegetation on landfill covers. Wildflower 
sods are an aesthetically pleasing and practical alternative to grass sods, for once 
wildflower sods are established maintenance is minimal (O’Brien and Barker, 1997; 
O’Brien and Barker, 1995b). 
Paper mill sludge contains plant nutrients and organic matter that can be 
beneficial to wildflower production (Table 5.1). Utilization of paper mill sludge 
combined with other high volume by-products (compost, cranberry presscake, or rock 
dust) may produce mixtures that further benefit wildflower production. Paper sludge 
was assessed for its suitability in mixtures with other by-products for wildflower 
production. 
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Materials and Methods 
Wooden frames were constructed into 0.91 m x 1.82 m plots. Black (1 mil) 
plastic perforated for drainage was placed underneath the frames. Each plot filled to 5- 
cm deep held about 0.083 m of the paper sludge mixtures. The experiment was 
conducted on the campus of the University of Massachusetts at Amherst, Massachusetts. 
Four media, utilizing paper sludge from Erving Paper Mill, with 2 rates of 
nitrogen (0 or 1% N of the dry mass) added at planting, were mixed, fertilized, and 
seeded on the day of application. Nitrogen was added as ammonium nitrate to raise the 
total N to 1 % of the total dry mass. Mixtures included paper sludge and sand (2:1, v:v), 
paper sludge, sand, and compost (2:1:1, v:v:v), paper sludge, sand, compost, and 
cranberry presscake (2:1:1 0.5, v:v:v:v), and paper sludge, sand, compost, and rock dust 
(2:1:1:0.5, v:v:v:v). Compost was a mixture of leaves and dairy manure composted in 
windrows in Connecticut (Table 5.2). Cranberry presscake from Ocean Spray, Inc., 
Carver, Massachusetts, included rice hulls to increase surface area during pressing (Table 
5.3). Rock dust was a glacial dust from Gernett Asphalt Products, Inc. Chaffee, New 
York (Table 5.4). Plots were arranged in 3 randomized complete blocks. 
The seeding of wildflower mixture (Northeastern mix, Vermont Wildflower 
Farm, Charlotte, Vermont) took place on 23 June 97, and the rate of seeding was 4.8 
g/m2. Seeds were mixed with sawdust and spread by hand onto watered surfaces. Plots 
were watered daily or as needed after seeding and until the stand was established. 
Establishment was assessed as percent cover of the surface after 6 weeks of 
growth. Wildflower biomass and purity of stand (weediness) were evaluated, after 10 
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weeks of growth. Wildflower biomass was determined by clipping one square meter 
from each plot and recording dry weights. Purity of stand was assessed as percent cover 
of weeds of the surface. Total N of the wildflower shoots was determined (Kjeldahl-N, 
Bradstreet, 1965). 
Results 
Mixtures varied in their capacities to support growth of wildflower sods on 
plastic sheeting in outdoor plots (Tables 5.5 & 5.6). After 6 weeks of growth, 
wildflowers in the paper sludge and sand mixture had only 6 % stand development. All 
other media produced wildflower stands with a minimum of 73 % cover (Table 5.5). 
The interaction of medium and N treatment was significant. Addtion of N to the medium 
with paper sludge, sand, compost, and rock dust improved growth significantly, but had 
no impact with other media. 
The interaction of medium and N addition was significant for final mass (Table 
5.6) After 10 weeks of growth, the medium containing paper sludge, sand, compost, 
and cranberry presscake or with paper sludge, sand, and compost or paper sludge, sand, 
and compost produced the greatest amount of wildflower biomass. Media containing 
compost were all higher yielding than the paper sludge and sand alone. 
Wildflower shoots harvested after 10 weeks of growth were analyzed for total N. 
Overall, total N of wildflower shoots was not affected by the addition of N; however, the 
media treatment affected the N response. The interaction of medium and N treatment 
was significant for final mass. When N was added to the media containing paper sludge, 
sand, and compost or paper sludge, sand, compost, and cranberry presscake, the final 
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mass was less than in the same media with no N added. When N was added to medium 
containing paper sludge, sand, compost, and rockdust, more final dry mass was 
produced. 
The greatest shoot total N was produced in paper sludge and sand, the plants 
with the lowest dry mass, whereas all other mixtures did not vary in their effects on total 
N in plants (Table 5.7). The interaction of media and N treatment was significant for 
shoot total N. When N was added to the media containing paper sludge, sand, and 
compost or paper sludge, sand, compost, and cranberry presscake, total N in shoots 
increased. However, when N was added to the medium containing paper sludge, sand, 
compost, and rockdust, shoot total N decreased. 
Quality of the sods was evaluated also by percent weediness at harvest. Weed 
coverage did not vary among the different mixtures or nitrogen treatments, and the 
average percent weed cover was 11 %. Weeds were established generally in areas where 
no wildflowers emerged. 
Discussion 
The system of growing sods in paper sludge mixtures was successful with most 
media producing nearly weed-free wildflower stands in about 8 to 10 weeks. If large- 
scale mixing is available, mixtures can be utilized easily to support aesthetically pleasing 
and low maintenance landfill vegetative covers. Any weed establishment was apparently 
from seeds blown into the mixtures and not from the media. Addition of compost 
potentially could introduce weed seeds; however, during the composting process, high 
temperatures should destroy many seeds (Martin and Gershuny, 1992). Once 
81 
wildflowers are established, competition will reduce the possibility of weed problems 
(O’Brien and Barker, 1995b). 
Best overall wildflower percent cover and biomass production were in a medium 
of paper sludge, sand, and compost and in paper sludge, sand, compost, and cranberry 
presscake. Wildflower growth and establishment were hindered in paper sludge and 
sand, likely due to lack of available N or immobilization of N. The leaf and dairy manure 
compost added N and other nutrients (Table 5.2). The compost had a lower C:N ratio 
(17:1) than the C:N ratio of paper sludge (85:1). Mixing these two by-products could 
have lessened the immobilization of N that may account for the diminished growth of 
wildflowers in the medium with paper sludge and sand alone. In nearly all cases, 
compost improved wildflower biomass production relative to the sludge-sand mixture. 
Adding cranberry presscake increased wildflower biomass production. Cranberry 
presscake added nutrients to the compost, paper sludge, and sand and further alleviated 
the effects of the high C:N ratio of the paper sludge (Table 5.3). Adding cranberry 
presscake (pH 3.9) may have lowered the pH of the paper sludge (pH 7.8) to a more 
amenable level for solubility of plant nutrients. 
Adding N to the media, reduced biomass production in media containing paper 
sludge, sand, and compost and in media containing paper sludge, sand, compost, and 
cranberry presscake (Table 5.6). The total N of paper sludge, compost, and cranberry 
presscake were 0.28 %, 0.9 %, and 1.28 respectively (Tables 5.1, 5.2, & 5.3). In 
general, wildflower production in media with total N of greater than 1.5 % run the risk 
of N toxicity whereas less than 0.7 % N in media may cause a reduction in wildflower 
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production due to lack of N (O’Brien and Barker, 1995b). Nitrogen toxicity likely 
reduced biomass production in media containing paper sludge, sand, and compost or 
paper sludge, sand, compost, and cranberry presscake. In the medium containing paper 
sludge, sand, compost, and rockdust, the rockdust likely diluted the total N in the media 
to a level where additions of N increased biomass production. 
Total tissue N did not vary among the different mixtures (Table 5.7). Total N in 
wildflower shoots does not reflect wildflower plant nutrition (O’Brien and Barker, 
1995b). For example, it should be noted that plants in paper sludge mixed with sand had 
the highest total tissue N but the least growth. This outcome resulted from the fact the 
N was concentrated in the biomass of small, sparse, slowly growing plants (O’Brien and 
Barker, 1995b). 
Quality of the sod was evaluated also by percent weediness. The percent of 
weeds in the stands at harvest was not significantly different among the media or 
between nitrogen treatments. An average of 11 % weed cover occurred after 6 weeks of 
growth. The weeds appearing in the media were likely from seeds blown or carried in 
from the surrounding area. Weeds seemed most prevalent in bare areas of the plots; 
hence the sludge-sand media was asthetically displeasing due to more weed coverage 
than wildflower coverage. 
Mixing by-products with paper sludge give media capable of producing 
wildflower stands in 8 to 10 weeks. Combining compost and cranberry presscake with 
paper sludge and sand produced the best percent coverage of the surface and biomass 
production. Mixtures with compost may have reduced the immobilization of nitrogen 
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caused by the high paper sludge C:N ratio. Mixing specific by-products with paper 
sludge is a feasible and useful alternative for wildflower production compared to the 
current practice of paper sludge and sand alone. 
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Table 5.1. Analysis of total elemental concentrations and other properties of paper 
sludge. 
Elemental 
composition Other pronerties 
-mg/kg- 
Total N 2,800 Electrical 
conductivity 3.29 dS/m 
Ammonium-N 18 PH 7.8 
Nitrate-N 27 Organic matter 44.0% 
P 57 Estimated 
organic carbon 23.8 % 
K 151 Carbon/Nitrogen 85:1 
Ca 76,292 Bulk Density 0.28 g/cm3 
Mg 364 
B 0.5 
Mn 26.6 
Zn 30.6 
Cu 5.2 
Fe 143.3 
Pb 4.7 
Cd 0.0 
Ni 0.4 
Cr 0.4 
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Table 5.2. Analysis of total elemental concentrations and other properties of dairy 
manure and leaf compost. 
Elemental composition Other properties 
-mg/kg- 
Total N 8900 pH 6.9 
Ammonium-N 20 Soluble salts 0.8 dS/m 
Nitrate-N 108 Organic matter 27.7 % 
P 622 Estimate organic 
carbon 15.0% 
K 2020 
Ca 6040 Carbon:Nitrogen 17:1 
Mg 1578 Bulk density 0.68 g/cm3 
B 10.1 
Mn 36.5 
Zn 5.3 
Cu 0.7 
Fe 7.6 
Pb 2.0 
Cd 0.2 
Ni 0.3 
Cr 0.3 
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Table 5.3. Composition of cranberry presscake with ricehulls 
Composition Other properties 
-mg/kg- 
Total N 12,800 PH 3.9 
P 1,600 Carbon:Nitrogen 44:1 
K 2,100 
Ca 700 
Mg 700 
C 549,000 
(Herbert, 1994). 
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Table 5.4. Composition of plant nutrients and some nonessential trace elements in 
mineral fines of New York glacial moraine. 
Element 
P 
K 
Ca 
Mg 
Fe 
Mn 
Ni 
Cu 
Zn 
Mo 
B 
Na 
Cd 
Pb 
Concentration of element 
-mg/kg- 
660 
14,200 
24,600 
11,900 
32,800 
1,070 
29 
103 
222 
3 
<1 
3,300 
0.2 
26 
Elemental Research Inc., Vancouver, B.C, Canada conducted the analysis, at the request 
of the National Aggregate Association, College Park, MD. The analytical laboratory did 
not report nitrogen, sulfur, and chlorine (O’Brien et al., 1999). 
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Table 5.5. Percent cover of wildflower stands in outdoor plots after 6 weeks of growth 
Treatment7 
Nitroizen added 
0% 1% Means 
- % cover- 
PS+Sand 5 6 ns 6 b 
PS+Sand+Compost 82 67 ns 74 a 
PS+Sand+Compost+Cranberry 70 90 ns 80 a 
PS+Sand+Compost+Rock dust 57 90 * 73 a 
Means 54 63 ns 
z = Treatment PS is paper sludge from Erving Paper Mill 
In column, treatment means followed by different letters are significantly different by 
Duncan’s multiple range test (P < 0.05). 
* = significant (P < 0.05); ns = nonsignificant for comparison of N treatment 
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Table 5.6. Final harvest dry mass of wildflowers grown for 10 weeks on various 
combinations of paper sludge and sand, with compost, cranberry presscake, or rock dust 
Treatment2 0% 
N added 
1 % Means 
tT
 
o
 
r
-
Q
 
i i i i i i i i i 
PS+Sand 33 31 ns 32 c 
PS+Sand+Compost 81 48 * 64 ab 
PS+Sand+Compost+Cranberry 118 33 * 76 a 
PS+Sand+Compost+Rock dust 34 73 * 53 b 
Means 66 46 ns 
z = Treatment PS is paper sludge from Erving Paper Mill 
ns = nonsignificant; * = significant (P < 0.05) for comparison of N treatments 
Interaction of treatment and N added was signficant 
In column, treatment means followed by different letters are significantly different by 
Duncan’s multiple range test (P < 0.05). 
D 1/4 m2of wildflowers were harvested 
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Table 5.7. Total nitrogen in wildflower shoots after 10 weeks of growth 
N added 
Treatment 0% 1 % Mean*? 
PS+Sand 2.91 
- %- 
3.01 ns 2.96a 
PS+Sand+Compost 1.76 3.19 * 2.47b 
PS+Sand+Compost+Cranberry 1.28 2.57 * 1.92b 
PS+Sand+Compost+Rock dust 2.65 1.92 * 2.28b 
Means 2.15 2.67 ns 
z = Treatment PS is paper sludge from Erving Paper Mill 
ns - nonsignificant; * = significant (P < 0.05) for comparison of N treatments 
Interaction of treatment and N added was signficant 
In column, treatment means followed by different letters are significantly different by 
Duncan’s multiple range test (P < 0.05). 
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